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(Received 12 December 1989; accepted for publication 6 February 1990) 
Hydrogen passivation of deep traps in diamond is demonstrated. Current-voltage (J-V) 
characteristics of polycrystalline thin :film and bulk diamond were studied before and after 
hydrogenation. On hydrogenation, all the samples showed several orders of magnitude increase 
in conductivity. Hydrogenation was carried out under controlled conditions to study the 
changes in the I-V characteristics of the samples. The concentration of uncompensated traps 
was varied systematically by hydrogenation. The concentration of electrically active hydrogen 
was determined from the I-V data. It is shown that hydrogenation is an alternative to deep-
level transient spectroscopy, suitable for characterization of traps in a wide-band-gap material 
like diamond. 
In two recent letters, it has been reported that the resis-
tivity of diamond, both bulk and film, can be reduced by 
several orders of magnitude by hydrogen plasma treatment. 1 
Hydrogen passivation of deep donors has been suggested 
and the increase in conductivity is thought to be due to shal-
low acceptor levels. Atomic hydrogen alters the electronic 
and optical properties of semiconductors. In the case of Si, 
atomic hydrogen reduces the leakage current of pn junc-
tions, neutralizes both acceptors and donors, passivates 
point defects, and neutralizes deep-level defects due to Au, 
Cu, and Ni.2-4 Grain boundary passivation in poly-Si is also 
reported. Similarly, Cu-related defects in Ge are passivated 
by atomic hydrogen. 5 Hydrogen passivation effects are also 
observed in III-V compounds.<, In view of these results, hy-
drogen has been proposed as a passivaton agent for defects in 
polycrystalline superlattices and quantum wells. 7 Similar ef-
fects are expected in diamond, which will be useful for elec-
tronic devices. However, no systematic study has been re-
ported yet. Here we show that the current-voltage (l-V) 
characteristics of type Ia synthetic diamond, type IIb natu-
ral diamond, and free-standing diamond films can be altered 
by the passivation of deep traps by atomic hydrogen. The 
concentration of electrically active hydrogen introduced by 
the plasma can be determined from the current-voltage char-
acteristics. Controlled hydrogenation produces systematic 
changes in the I-V characteristics which reveal the nature of 
conduction in diamond samples. 
The synthetic diamond samples were type Ia and the 
natural diamond samples were type Ilb approximately 3 X 3 
mm square, and 1.5 and 0.25 mm thick, respectively. The 
diamond thin films were polycrystalline about 0.120 mm 
thick, grown on silicon substrates using the microwave plas-
ma-enhanced chemical vapor deposition (MPECVD) pro-
cess. All samples were annealed in vacuum at 600 °C. Elec-
trical contacts to the samples were made using silver epoxy 
which has been shown to make ohmic contacts. 8 1-V charac-
teristics were measured using a Keithly 617 electrometer 
and stabilized power supply with computer interface for 
automatic data collection. 
The samples were subjected to two kinds of hydrogena-
tion process at various times using rf ( 13.56 MHz) plasma in 
a capacitively coupled barrel system and a microwave plas-
ma in the MPECVD system and the I-V measurements were 
repeated. 
In Fig. 1, the I-V characteristics obtained before and 
after hydrogenation of type Ia diamond are shown. The rf 
power was SO W at 500 mTorr of hydrogen and the maxi-
mum temperature of the sample was ~ 100 °C. The l-V 
curves are linear showing ohmic behavior for applied field 
below 1 kV /cm. A systematic increase in conductivity is 
seen with hydrogenation time; for the 80 min hydrogenation 
conductivity is increased by five orders of magnitude. Simi-
lar results are obtained for the samples treated in a micro-
wave plasma with 750 W at 10 Torr hydrogen and 200 °C 
substrate temperature. Microwave plasma is known to pro-
duce more atomic hydrogen than an equivalent rf plasma; 
yet high-power microwave plasma hydrogenation has only 
the same effect as a low-power rf plasma. Hence it is reasona-
ble to assume that the amount of hydrogen introduced is 
controlled by its diffusivity in diamond. In the case of poly-
crystalline diamond films, the conductivity is saturated by 
40 min hydrogenation as shown in Fig. 2. The relatively 
smaller change in conductivity is perhaps due to the hydro-
gen remaining after the 600 °C anneal, since the film was 
grown in a hydrogen-rich plasma. Again, for low applied 
fields, the I- V characteristics are linear. Although several 
orders of magnitude changes in conductivity are observed in 
these samples, for low applied fields no turning points in the 
I- V characteristics could be detected due to any trap-filling 
effect. This is simply an artifact of the combined effect of trap 
density, sample thickness, and the contact area. Hence the 
amount of hydrogen introduced cannot be determined from 
these I- V characteristics. 
However, in the case of type Hb diamond samples, the 
I- V characteristics show some interesting features as shown 
in Fig. 3. Before hydrogenation in the microwave plasma, 
the 1~ V curve is linear up to 11 V; then the current increases 
by about nine orders of magnitude for an order of magnitude 
increase in applied voltage. This is the classic case of a deep 
trap level which is located below the Fermi level. Such a 
band structure as shown in Fig. 4, gives rise to a l-V charac-
teristic exhibiting an ohmic to trap-filled limit (TFL).9 
The voltage VTFL at the turning point is related to the 
concentration of uncompensated traps Pt,o approximately by 
Vn-L = qPt_oL 2/E, ( l) 
where q is the electronic charge, L is the sample thickness, 
and E is its dielectric constant. From Eq. (1), p,_0 
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FIG. I. I-V characteristics of type Ia diamond before and after hydrogena-
tion with 50 W rf power at 500 mTorr. (a) Before hydrogenation, (h) 20 
min, (c) 40 min, (d) 60 min, and (e) 80 min. 
= 1.06 X 101 t cm- 3 • It has been shown9 that 
1(2 Vn,1 )II( VTFL) = (P,,olno), (2) 
where n0 is the free-carrier concentration. From Fig. 3, it is 
evident that P,,o is at least three orders of magnitude higher 
than n0 • Hence the conduction in this sample is dominated 
by the trap. On hydrogenation, Vrn. is found to shift to 
lower voltages as seen in Fig. 3. However, 
P,.oa: exp[-(F-E,)/kT], (3) 
where Fis the quasi-Fermi level pinned closer to the trap 
level E, which is below the equilibrium Fermi level F'i.i, k is 
the Boltzmann's constant, and Tis the absolute tempera-
ture. As the traps are compensated, Fwill move towards Fr,), 
increasing the value of (F- E, )/kT. Hence, P,,o and Vn-'L 
will decrease on hydrogenation. This is in agreement with 
the experimental result shown in Fig. 3. From the shift in 
VTFL on hydrogenation, we can deduce the amount of elec-
trically active hydrogen introduced in diamond, which is 
shown in Fig. 5 as as function of hydrogenation time. For the 
limited experimental data, the amount of hydrogen intro-
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FIG. 2. /. V characteristics of polycrystalline diamond film before and after 
hydrogenation with 50 W rf plasma at 500 mTorr. 
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FIG. 3. 1-V characteristics of type Hh diamond before and after hydrogena-
tion with 750 W microwave power al IO Torr. 
On closer examination of Fig. 3, we notice that the 
slopes of the curves in the TFL region decrease with hydro-
genation, because the ratio (p,_0 /n0 ) decreases. The slope 
change seen in Fig. 3 is, therefore, consistent with this argu-
ment. After the complete passivation of the traps by hydro-
genation, the TFL region will disappear and a trap-free 
square-law region should result. This is exactly what is ob-
served as shown in Fig. 6 for the same sample hydrogenated 
for complete passivation under identical conditions. The 
crosses are experimental points and the lines correspond to 
ohmic and trap-free space-charge regions. The free-carrier 
concentration and mobility can be determined from these 
data. Thus, it appears that hydrogenation under controlled 
conditions is a suitable method for changing the density of 
electrically active traps and hence the 1-V characteristics of 
the diamond samples. In this regard, this method will be 
much simpler than the deep-level transient spectroscopy 
(DLTS) technique to study the nature of traps in wide-
band-gap materials such as diamond. 
In conclusion, the electrical conductivity of diamond, 
both film and bulk, can be increased several orders of magni-
tude by hydrogenation using a low-power plasma. Hydro-
genation seems to be independent of plasma power and hy-
drogen pressure. Grain boundaries in polycrystalline films 
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FIG. 4. Band structure for a deep trap in type Hb diamond. 
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FIG. 5. Concentration of electrically active hydrogen. 
mond are passivated. Controlled hydrogenation can reveal 
subtle changes in the l-V characteristics of diamond sam-
ples. The concentration of electrically active hydrogen, in-
troduced by the plasma, can be measured from the shifts in 
the 1-V characteristics of the samples containing deep traps. 
Hydrogenation appears to be simpler than DL TS to study 
the trap-related properties of wide-band-gap materials such 
as diamond. 
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F!G-. 6. 1-V characteristics of the sample in Fig. 3, after complete passiva-
tion of deep traps by hydrogenation. The crosses are experimental data 
points and the lines correspond to ohmic and trap-free space-charge-limited 
regions of slopes l and 2, respectively. 
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